Dilute bismide alloys and dilute nitride alloys have garnered increasing research interest over the past few years, as it promises increased engineering flexibility in the design of advanced compound semiconductor heterostructure devices. Key device parameters such as lattice constant, bandgap and band offsets can be controlled with greater precision, and this leads to better performance for a wide range of electronic and optoelectronic devices. For dilute nitride alloys, band anticrossing effects are produced due to the coupling of their resonant states with the conduction band states. This lowers the conduction band edge energy. Likewise, the coupling of the resonant states of dilute bismide with the valence band states results in the valence band anticrossing and the valence band edge energy rises. Additionally, the effective bandgap may fall below the spin-orbital-splitting energy, thus inhibiting Auger recombination. This makes them excellent candidates for optoelectronic device applications. In this work, the electronic bandstructure and optical gain of InNBiAs/InP pyramidal quantum dots are investigated using the 16-band k·p model with constant strain. The effective bandgap falls as we increase the composition of nitrogen and bismuth. With an appropriate choice of composition of doped atoms, we can tune the emission wavelength in the range of 2-5µm suitable for mid-infrared device applications. Additionally, we observe the size effect by tuning the size of quantum dot.
Introduction
Owing to the increased engineering flexibility in the design of advanced compound semiconductor heterostructure devices, dilute bismide alloys and dilute nitride alloys have garnered increasing research interest over the past few years [1, 2, 3, 4] . Increased control over key device parameters such as lattice constant, bandgap and band offsets opens the door to improved performance for a wide range of electronic and optoelectronic devices. For dilute nitride alloys, the s-like resonant states couples with the conduction band (CB) states and produce the band anticrossing (BAC) effects [5, 6] . This causes the CB band edge to get lowered compared to the unalloyed case. Similarly, for dilute bismide alloys, the valence band (VB) edge is lifted due to the valence band anticrossing (VBAC) resulting from coupling between the p-like resonant states and VB states [7] . In addition, the spin-orbital-splitting energy ∆ S O can exceed the bandgap in dilute bismuth alloy which can inhibit the Auger recombination [8, 9] , making it an excellent candidate for optoelectronic device applications.
Here, we investigate the electronic bandstructure and optical gain of InNBiAs/InP quantum dot (QD) by the 16-band k·p model. In comparison to the bulk and quantum well system, the QD is confined in three dimension and the energy level is discrete.
Theoretical model
The 10-band k·p model used to study the nitrogen-doped QDs are based on the 8-band model extended by introducing the local nitrogen resonant state (two additional bands). Similarly, to investigate the bismuth-doped and nitrogen-doped QDs simultaneously, additional bands have to be added in the model to describe and study the effects of bismuth. Unlike the s-like states introduced by dilute nitride, the dilute bismide results in p-like states, which means that six states should be considered with the spin freedom including the SO coupling which is ignored in the O'Reilly 14-band model for dilute bismide-nitride semiconductors. In view of the above consideration, we have constructed a 16-band model to study the InN x Bi y As 1−x−y /InP system. The 16-band Hamiltonian is represented in the Bloch function basis
where H 10×10 is the 10-band model to describe the nitrogen-doped system, H 6×6 is the 6-band model to describe the resonant bismuth states, H 10×6 is the coupling between the valence band and bismuth states, and the V QD is the confinement potential of the system, which is zero within the QD. As we use the |10 , |1 − 1 , |11 basis for the plike states instead of |HH , |LH , |S O , the form of Hamiltonian is different form the O'Reilly's model and can be transformed into it under an unitary transformation. The details of the every element in H 10×10 , H 6×6 , H 10×6 , etc is as described in our previous work [10] .
The optical gain spectrum with homogeneous broadening is calculated as [10] G(E) = πe
where E cv is the transition energy and f c and f v are the Fermi-Dirac distribution for electrons and holes in CB and VB respectively. The M cv is the optical transition matrix element and can be calculated as [11] 
where p i is the momentum operator, and ψ n v ,k (ψ n c ,k ) is the hole (electron) wave function. The calculation of the M cv is shown in details in our previous work [10, 12] .
Results and Discussion
The geometry schematic of InN x Bi y As 1−x−y /InP QD is shown in Fig. 1 with the direction of pyramid growth along the positive z axis. The doped nitrogen and bismuth atoms are distributed uniformly in crystal throughout the QD. The detail of the structure can be found in our previous work [10] . Here the H represents the height of the QD which takes the lattice constant (a) as the unit length. In this work we will study the InNBiAs QDs of different heights (H). The interaction between the doped atoms is not taken into consideration. First we investigate the energy level and related distribution of compositions for a typical QD. From Fig. 2 we can see that the majority of CB1 is electron state and the majority of VB1 is heavy hole state. Bismuth resonant states and nitrogen resonant states also have been mixed. Another important factor for QD is the QD size i.e the height. Fig. 3 shows the size effect for QD. The band edge of the CB goes down, while for the VB goes up with increasing Bi concentration for three different heights of QD (H = 12a, 16a and 20a, as shown) when the nitrogen concentration is fixed at 1.6%. If we fix the bismuth concentration instead, we would observe that the bandgap would decrease as the height of QD is increases. Figure 3 : The variation in CB1, VB1 and bandgap E g for InNBiAs/InP QDs of H = 12a, 16a and 20a for varying composition of doped Bi and fixed N composition = 1.6%. We see that the range of the bandgap (emission energy) varies from ∼250 to ∼650 meV, making the InNBiAs/InP QDs suitable for mid-infrared (2-5 µm) applications.
In addition, we study the variation of the bandgap and strain with varying nitrogen and bismuth concentration. The results can be seen in Fig. 4 . The initial idea to utilize the BAC and VBAC to realize mid-infrared emission (2-5 µm), and Fig. 3 shows it can be achieved. A suitable composition from the bandgap range of 250 to 650 meV could be chosen from Fig. 4 . Meanwhile, doping nitrogen can introduce tensile strain, while bismuth can introduce compressive strain. Therefore, the strain in QD can be tuned by choosing appropriate concentration of doped atoms in order to meet the requirements of lattice matching for material growth [13] .
Finally, the most important factor for lasers is the optical gain. Fixing the nitrogen concentration, we show the optical gain spectrum for varying bismuth concentration in Fig. 5 . Additionally, we tune the carrier densities and investigate the variation of gain as shown. The magnitude of transverse magnetic (TM) mode gain is relatively smaller compared to the magnitude of transverse electric (TE) mode gain. The position of the first peak experiences a red-shift as the Bi concentration increases. Gain(cm
Figure 5: TE and TM mode optical gain for InNBiAs/InP QDs for varying injection carrier density from 1 to 5 ×10 18 cm −3 . The Bi composition is varied from 0.9% to 11.1%, while the N composition is fixed at 2.9%. The height of QD is H=12a.
Summary and Conclusion
We have investigated the electronic bandstructure and optical gain of InNBiAs/InP QD. Utilizing the BAC and VBAC effects, we can achieve the goal that the emission wavelength of laser can exceed 2µm while meeting the strain requirements for suitable material growth. We observe that, with an appropriate choice of N and Bi doping composition, we can tune the emission wavelength in the range of 2-5 µm suitable for mid-infrared device applications, such as guided missile technology, spectroscopy of trace gases and more recent medical applications such as less-invasive, high-precision, laser surgery. One of the important characteristics of the III-V semiconductor based mid-infrared laser structures is that it possesses strong differences in band gap energy and band discontinuity allowing the formation of deep confining QW in the laser's active region, which cannot be obtained by using group IV based semiconductors. With the advancement of epitaxy growth techniques, it is possible to fabricate high quality III-V based quantum well structures for mid-IR lasers.
